Recently we developed a novel method for estimating viable Salmonella cell numbers by means of a 5῎-nuclease real-time PCR [Fujikawa et al., J. Food Hyg. Japan, 47, 151ῌ156 (2006)]. The method was based on the increase kinetics of the target DNA region (inv A) of the microorganism growing in a culture medium during incubation. The index for the PCR was the threshold cycle. In this study, we validated the method for application in food. Namely, Salmonella cells spiked into ground chicken, pork, and beef and raw hamburger patty at various cell concentrations were cleaned up using buoyant density centrifugation and the Salmonella cell numbers were estimated with our method. Linear decreases in the threshold cycle value were observed during incubation of the samples. The standard curves for the cell number in all food samples were almost identical. With a standard curve using the mean parameter values, we successfully estimated viable Salmonella cell concentrations of the foods. The results indicate that our method is applicable for viable cell number estimation of the target microorganism in foods. Further, we used this method to study Salmonella growth in ground chicken stored at a constant temperature.
Introduction
Estimation of the cell number of a target bacterium, such as food poisoning pathogens in foods is very important for ensuring microbiological food safety. However, it is very time-consuming and laborious. Selective media for those pathogens have been developed, but we still require bacteriological identification of suspect colonies on such selective agar plates.
Recently, polymerase chain reaction (PCR) technologies have progressed remarkably. Especially, TaqMan real-time PCR has great advantages over conventional PCR 1) , including the ability to detect replication quantitatively with a high specificity, by the introduction of the TaqMan probe labeled with reporter and quencher dyes into the PCR system. However, some problems remain even in the TaqMan real-time PCR. One of them is an inability to distinguish between live and dead cells 1) . That is, when a food or clinical sample contains both dead and live target cells, the TaqMan real-time PCR detects both. This can be a serious problem in a food where processing may destroy microbial cells, but leave their DNA relatively intact 1) . On the other hand, enrichment of microorganisms in a sample with a nutrient broth has been recognized to be a useful procedure for subsequent real-time PCR 2)ῌ4) . The procedure is e#ective to detect a small number of target cells in a sample, but is still qualitative.
We previously developed a new estimation method for the total viable bacteria cell counts in a food by measuring the increase kinetics of the ATP level of the sample incubated in nutrient broth 5), 6) . The ATP level of the sample increases with bacterial growth in the sample during incubation.
Using this estimation method, we recently developed a novel procedure for viable cell number estimation of a target microorganism with TaqMan real-time PCR 7) . Test samples were Salmonella cells suspended in bu#ered peptone water. The method was based on the increase kinetics of the target DNA region (invA) of the microorganism during incubation in culture medium. The index of increase in the target DNA region studied here was threshold cycle, C T . The lower limit of this estimation method was 10 0 (ῌ1) CFU/mL. Our method could di#erentiate viable Salmonella cells from dead ones. Also, incubation in a selective media suppressed interference by bacteria other than Salmonella in samples 7) . But, the method was not validated with commercial raw foods, which are often contaminated with many kinds of microorganisms.
In this study, we evaluated our method for estimating viable Salmonella cells in ground meat and raw meat product. To suppress inhibition of PCR due to food constituents and microbial contaminants, we introduced a buoyant density centrifugation procedure 8) and then incubated the samples in a selective medium for Salmonella 7) . Further, we studied Salmonella growth in raw, ground chicken stored at a constant temperature.
Materials and Methods

Bacterial cells
Salmonella cells were prepared with our method using a Salmonella enterica serovar Enteritidis strain 04-137 isolated from a food poisoning outbreak in Tokyo, Japan 7) . Cells were suspended in bu#ered peptone water, pH 7.2 (Oxoid, Basingstoke, UK) to make cell concentrations of 10 3 , 10 4 , 10 5 , 10 6 , and 10 7 CFU/mL. The cell concentrations of these suspensions were measured in duplicate with the surface-plating method using standard agar plates (Nissui Pharmaceuticals, Tokyo, Japan) 9) . Measured cell counts were used as the cell counts spiked into food samples.
Food samples
Ground chicken, pork, and beef were obtained from a retail store in Tokyo. Raw hamburger patty, which included beef, pork, plant protein, lactose, and onion, was also purchased at a retail store. The concentrations of contaminants (aerobic bacterial counts) of those foods were enumerated in duplicate with the surfaceplating method using standard agar plates 9) . Those foods were confirmed not to be contaminated with Salmonella by the conventional method 9) .
Spiking Salmonella cells into food samples
Ground meat or hamburger patty (15 g) was mixed with bu#ered sodium chloride peptone solution (135 mL) (Nissui) and then stomached thoroughly in a plastic filter bag for 1 min, to make a 10῎ food homogenate. The Salmonella cell suspensions prepared above were spiked into the homogenates at the ratio of 1 : 100 (v/v) and fully mixed. The mixture (1 mL) was blended with Percoll (0.7 mL) (GE Healthcare, Uppsala, Sweden) in triplicate and centrifuged at 15,300ῌ ῍ and 4῍ for 15 min. The supernatant fraction containing lipid and other food constituents of the sample was removed with a capillary. The bottom fraction (0.5 mL) was taken, pooled and cooled.
For a growth study, ground chicken (200 g) was spiked with 2 mL of the Salmonella cell suspension prepared above (10 5 CFU/mL). Portions (10 g) of the sample were placed into sterile glass tubes (120-mL vacant volume) with tight caps. The tubes were then stored in a water bath unit (DH-12, Taitech, Koshigaya, Japan) at 30῍. The come-up time of the samples to reach the designated temperature, measured with a digital thermometer (AM-7002, Anritsu Meter, Tokyo), was 9.5 min, and this was taken into consideration during the experiment. At intervals, tubes in duplicate were taken and cooled in ice water. The chicken in each tube was mixed thoroughly with bu#ered sodium chloride peptone solution (90 mL) for 1 min, to make a 10῎ food homogenate and then transferred into a plastic filter bag. Filtered food homogenate was then cleaned up by centrifugation method with Percoll.
Incubation of cleaned-up cell suspension
One milliliter of the cleaned-up cell suspension prepared from the food sample was mixed with Enterobacteriaceae Enrichment Mannitol (EEM) broth (19 mL) (Merck, Darmstadt, Germany). The mixture (3 mL each) in sterile glass test tube was incubated at 39῍ with shaking at 100 strokes/min up to about 6 hours 7) . The come-up time to the designated temperature was 2 min, and this was taken into consideration during the experiment. At intervals, test tubes were removed and cooled in ice water.
TaqMan real-time PCR
DNA extraction from the incubated suspension sample was done with our method 7) . TaqMan real-time PCR for the DNA extracts was performed in triplicate with an ABI Prism 7000 sequence detection system (Applied Biosystems, Foster City, CA, U.S.A.) with our method 7) , which followed the method of Knutsson et al. 2) The value of C T for a sample was estimated at the threshold of 0.2 7) . To evaluate the e$ciency of each run, a standard template (with the C T value of 29.6) was prepared from the Salmonella strain. When the value of the standard for a run was significantly di#erent from this (t-test, pῌ0.05), the results of that run were not used for study. There were no such runs.
Statistical analysis
Linear regression and the t-test of data were done using Microsoft Excel.
Results and Discussion
Increase kinetics of Salmonella DNA during incubation
Ground chicken samples spiked with Salmonella at various cell concentrations were incubated in EEM broth. Values of C T of the food samples showed downward sigmoidal curves as the incubation period progressed, like those seen in our recent study with Salmonella cell suspensions 7) . The linear decline portions of the curves were parallel to each other; the lower the initial level of Salmonella cells, the later the slope in the C T curve appeared during the incubation (Fig. 1) . The ground chicken was initially contaminated at the aerobic bacterial countlevel of 10 7.5 CFU/g. C TE , which is a C T on a regressed slope at time T E during the observation, was then estimated 7) . Here T E is the optimal time for estimation, which gives the least sum of squares error between the estimated and measured initial cell concentrations. T E was 3.5 hours for the chicken samples. The relationship between C TE and the initial cell concentration measured (N 0 ) was linear with a correlation coe$cient over 0.999 (Fig. 2) . With the regression line, one can estimate N 0 of a sample from the C TE value of the sample.
Similar results were also obtained for ground pork and beef and hamburger patty. The values of T E were around 3.5 hours for these foods. When the regression lines, or the standard curves between C TE and N 0 for these foods were compared at T E ῏3.5 hours, they were almost identical (Fig. 3) . The correlation coe$cients were all over 0.999. This coincidence among the standard curves is considered to be a result of the introduction of the clean-up procedure for the food samples 8) and the selectivity of EEM 7) . Here the ground beef and pork and the hamburger patty were initially contaminated at the aerobic bacterial count levels of 10 6.9 , 10 7.9 , and 10 4.7 CFU/g, respectively.
These results suggested that a single standard curve would be adequate to estimate viable Salmonella cell levels in these foods. With the mean parameter values of the regression line for the foods, we obtained a standard curve for estimating N 0 of the target organism in the foods as follows: log N 0 ῏῍0.277῎C TE ῌ12.1.
Estimation of Salmonella cell number in meat
Our estimation method with the above equation was validated with hamburger patty spiked with Salmonella cells. The method successfully estimated the spiked cell concentrations; all data points were located almost on the line of equivalence (Fig. 4) . Here the measured cell concentrations were from the spiked cell concentrations measured (see the Materials and Methods). The mean of square error between the measured and estimated values for N 0 was very small (0.017 log unit) and the linearity of the relationship between them was very high with the correlation coe$cient of 0.999. Sim- ilar good equivalence was also observed for the ground meats (data not shown). While our method needs to be evaluated for more kinds of food, these results suggest that it might be a useful tool for estimating viable Salmonella cell numbers in foods. Further, our method could be also applied for estimating viable cell numbers of a target microorganism in suspected food in a bacterial food poisoning outbreak, if suitable real-time PCR technologies are available for the target.
In the above experiments, Salmonella cells were spiked in the homogenates, not the foods themselves. This was because if Salmonella cells were spiked in the food, the recovery of the cells in the homogenate might not be complete. When we routinely measure bacterial cell counts of a food, we count the cells in a homogenate prepared from the food. However, the di#erence between the homogenates and the foods was negligible, as noted below.
Growth of Salmonella cell in chicken
With our method, we studied Salmonella growth in ground chicken stored at a constant temperature (30ῌ). Salmonella growth in the chicken was suppressed during the storage (Fig. 5) ; the increase in the cell concentration during storage for 14 hours was about 1.8 log unit/g. Growth of bacterial contaminants in the chicken was also low during the storage; the increase in the number of contaminating bacterial cells was about 1 log unit/g (Fig. 5 ). The Salmonella cell concentration spiked in the chicken itself was measured to be 10 4.10 CFU/g, which was very close to the value estimated with our PCR method (10 4.26 CFU/g) ( Fig. 5 ). This confirmed the reliability of our estimation method.
The limited growth of Salmonella might have occurred because the chicken had already been highly contaminated with other bacteria; the initial aerobic bacterial count of the chicken was 10 8.3 CFU/g ( Fig. 5 ). Nevertheless, no spoilage was observed in the chicken before the experiment. It was thought that competition among the microorganisms in the chicken might have suppressed growth of the Salmonella. Mackey and Kerridge 10) reported that Salmonella cells, which were inoculated at about 10 1.5 CFU/g in minced beef, grew to a high population level (about 10 9 CFU/g), similar to other bacterial contaminants. In their study, however, the initial bacterial contamination was relatively low (about 10 5 CFU/g).
The optimal ratio of the volume of a food homogenate to that of Percoll in the buoyant density centrifugation was preliminarily determined. Namely, Salmonella cell suspension was mixed with various volumes of Percoll. After centrifugation, the cell layer in the tube was observed with the naked eye. Also, the recovery of cells from the centrifugation was evaluated. The recoveries were 105 and 110῍ at 10 5 and 10 3 CFU/mL, respectively (averages of triplicate determinations). This showed that the centrifugation did not a#ect the number of Salmonella cells in a sample.
Many investigators have enumerated Salmonella cells in raw meat and meat products. Some of them used selective agar media specific to the target organism 11), 12) . But, as described above, it is di$cult to count Salmonella colonies on such agar plates, because suspected colonies need to be tested for further microbiological identification.
Some investigators have spiked antibiotic-resistant target cells and/or target cells artificially transformed with fluorescent proteins 10), 13)ῌ15) . Colonies on agar plates with antibiotics also might need further microbiological identification, but most of the above investigators did not do so. The genetically engineered cell method cannot be applied to estimation for routine food examinations. The situation for other pathogens in foods, such as Escherichia coli O157, is similar 16)ῌ20) . Some authors have used latex agglutination tests for identification of E. coli O157 17), 18) . Compared with these methods, our method using the TaqMan real-time PCR appears to be very specific and practical.
Some investigators have studied quantitative methods for viable bacterial cells with real-time PCR 21), 22) . Rudi et al. 21) used a stain, ethidium monoazide, which covalently binds to DNA from viable target cells only and such bound DNA cannot be amplified by PCR. In reality, however, samples containing the dead target cells only had certain (small) values of C T with this method 21) . One cannot determine whether samples with those small C T values have really viable target cells or not. Also, the detection limit with the method was about 10 4 CFU/mL, which is not very sensitive. Our method estimates only viable target cells that can grow. And the detection limit of it is as low as 10 1 CFU/mL 7) . On the other hand, Aellen et al. 22) reported a method for viable target cell number by quantitative real-time PCR of specific fragments of rRNA. The method gave results similar to the conventional colony counting method, but was not fully accurate. For some samples, it estimated viable cells over 10 times higher than of the conventional method 22) . Our method is thought to be reliable for quantitative detection of the target cell in a sample, but it needs an incubation procedure and more PCR reagents than a conventional real-time PCR procedure. For the incubation procedure, we are thinking to develop an automated device for our method. Namely, the automated device will provide samples incubated in EEM broth for given periods and then store them cool until the real time PCR analysis. For the cost of the reagents, we will need to improve a method with fewer observation points for a sample during the incubation.
